We sequenced the V4 and V7 regions of the small-subunit ribosomal RNA (SSU rRNA) from 38 species of branchiopod crustaceans (e.g., Artemia, Daphnia, Triops) representing all eight extant orders. Ancestral large-bodied taxa in the orders Anostraca, Notostraca, Laevicaudata, and Spinicaudata (limnadiids and cyzicids) possess the typical secondary structure in these regions, whereas the spinicaudatan Cyclestheria and all of the cladocerans (Anomopoda, Ctenopoda, Onychopoda, and Haplopoda) possess three unique helices. Although the lengths and primary sequences of the distal ends of these helices are extremely variable, their locations, secondary structures, and primary sequences at the proximal end are conserved, indicating that they are homologous. This evidence supports the classical view that Cladocera is a monophyletic group and that the cyclestheriids are transitional between spinicaudatans and cladocerans. The single origin and persistence since the Permian of the unique cladoceran helices suggests that births and deaths of variable region helices have been rare. The broad range of sequence divergences observed among the cladoceran helices permitted us to make inferences about their evolution. Although their proximal ends are very GC-biased, there is a significant negative correlation between length and GC content due to an increasing proportion of U at their distal ends. Slippage-like processes occurring at unpaired nucleotides or bulges, which are very U-biased, are associated with both helix origin and runaway length expansion. The overall GC contents and lengths of V4 and V7 are highly correlated. More surprisingly, the lengths of these SSU rRNA variable regions are also highly correlated with the length of the large-subunit rRNA expansion segment, D2, indicating that mechanisms affecting length variation do so both across single genes and across genes in the rRNA gene family.
Introduction
Eukaryotic nuclear genes contain conserved functional units that are usually interspersed with rapidly evolving regions of unknown origin and function. In nuclear ribosomal RNA genes, a conserved core is interrupted by transcribed expansion segments whose evolutionary patterns appear to vary according to gene size. For example, the nuclear large-subunit ribosomal RNA (LSU rRNA) genes from animals (average length, 4,500 nt) tend to be hypervariable with respect to the occurrence of indels, have significant levels of repetition for short sequence motifs, possess novel helical structures, and show correlated changes in length and GC content among expansion segments Nunn et al. 1996) . In contrast, taxonomic groups with short LSU rRNA genes (e.g., plants with an average length of 3,400 nt) tend to have few indels, insignificant levels of repetition, and no unique secondary structures (Michot and Bachellerie 1987; Michot, Qu, and Bachellerie 1990; Kuzoff et al. 1998 ). This association between length and pattern of sequence divergence may indicate that slippage replication is an important mechanism in the evolution of these regions Hancock, Tautz, and Dover 1988) .
It is unclear if this size-related molecular evolution exists in the nuclear small-subunit ribosomal RNA (SSU rRNA), as size variation is generally modest; most genes are between 1,700 and 1,900 nt. However, unusually
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long genes (Ͼ2,000 nt) are known from a few distantly related taxa, including strepsipteran (Chalwatzis et al. 1995) and sternorrhynchan (Campbell, Steffen-Campbell, and Gill 1994; Kwon, Ogino, and Ishikawa 1991) insects, a cestode flatworm (Piçon et al. 1996) , a branchiopod crustacean (Crease and Colbourne 1998) , and an amoeba (Hinkle et al. 1994) . The SSU rRNA structure of the aphid Acyrthosiphon pisum (Sternorrhynca) follows the LSU rRNA pattern, as it shows highly significant repetition (Hancock 1995) and contains unique helical structures (Kwon, Ogino, and Ishikawa 1991) . Although the SSU rRNAs of the branchiopod Daphnia pulex (Crease and Colbourne 1998) and the amoeba Phreatamoeba balamuthi (Hinkle et al. 1994 ) possess unique helices, they lack significant repetition, suggesting that patterns of tandem repetition generated by past slippage events have been obscured by subsequent point mutations or that length expansion has occurred by some other mechanism.
Understanding the evolution of the unique helices associated with long rRNAs could have implications for deeper-level phylogenetics. If these structures arise and disappear infrequently on an evolutionary timescale, then they might make ideal complex molecular characters for the study of deep phylogenies. Indeed, the first studies of the evolution of rRNA expansion segment secondary structures did identify several kingdom-specific helices (Michot and Bachellerie 1987) . Unfortunately, most studies of deeper-level phylogenies have avoided expansion sequences, because the primary sequence and length variation among taxa is usually very large. The result is that little is known about the birth and death of expansion helices or their phylogenetic utility below the kingdom level. Walossek 1993; Oleson, Martin, and Roessler 1996) . The position of the family Cyclestheriidae is uncertain, and its inclusion in either Conchostraca (traditional) or Cladocera (see Oleson, Martin, and Roessler 1996) have both been proposed. Fryer (1987) divided Cladocera and Conchostraca into four and two orders, respectively, and he, along with Starobogatov (1986) , suggested that the cladoceran orders are not monophyletic. However, no alternate phylogeny reflecting the nonmonophyly hypothesis has yet been proposed.
To date, only a single study has analyzed patterns of expansion in variable regions of the SSU rRNA gene within a monophyletic group of organisms. Vogler, Selsh, and Hancock (1997) examined the sequence of the unusually long V4 region for 27 taxa of the beetle family Cicindelidae. Despite substantial differences in primary sequence and length in the V4 regions of these taxa, secondary-structure predictions indicated that it always folds into a single helical structure. The pattern of sequence variation observed was consistent with the operation of slippage-like mechanisms in the elongation of V4. For example, increasing length of the variable region was correlated with an increasing degree of repetition and was highly correlated with an increasing nucleotide bias. However, because primary sequence divergence was great among the taxa analyzed, Vogler, Selsh, and Hancock (1997) were unable to observe character transformations that would provide direct evidence for the operation of slippage.
The purpose of the present study was to conduct a detailed examination of the origin and evolution of long variable regions and unique secondary structures in the SSU rRNA of branchiopod crustaceans. Crease and Colbourne (1998) showed that the SSU rRNA gene of the branchiopod D. pulex is longer than that of any crustacean (2,293 nt) and contains unique helices, whereas this gene is of typical length and lacks these structures in the ancient branchiopod Artemia. Length and structural differences occurred mainly in the V4 and V7 variable regions. RT-PCR amplification of these regions from total cellular RNA only produced a fragment of the same size as the one amplified from genomic DNA, indicating that the expanded regions are present in the mature rRNA . In cases in which sequences are spliced out of the mature rRNA, the fragment produced by amplification of RNA is shorter than the one obtained from DNA (Wilcox et al. 1992) . In the present study, we sequenced the V4 and V7 regions from 38 branchiopods in all extant orders. Our sampling was designed to allow both shallow (22 anomopod species) and deeper comparisons.
Materials and Methods

Species Analyzed
Regions V4 and V7 of the SSU rRNA gene of representatives of all eight orders in the class Branchiopoda (Fryer 1987) were analyzed. A diagram showing traditional ideas about the phylogenetic relationships among these orders is shown in figure 1. Species names and sampling locations of the specimens used are indicated in table 1. Three sequences, from Artemia sp., Branchinecta packardi, and D. pulex, were obtained from GenBank.
PCR Amplification and Sequencing
Total genomic DNA was extracted from single individuals using the CTAB extraction method (Doyle and Doyle 1987) . The primers used to amplify the V4 and V7 regions are from Crease and Colbourne (1998) . The V4 primers amplify helices 20 through E23-9 in the model of Van de Peer et al. (1997) , while the V7 primers amplify helices 38 through 46 ( fig. 2) .
Approximately 50 ng of genomic DNA was used as a template in a 50-l amplification reaction containing 0.2 mM of each dNTP, 1.5 mM MgCl 2 , 1 ϫ reaction buffer (ID Technologies), 20 pmol of each primer, and 1 U of ID thermostable polymerase (ID Technologies). The reactions were carried out in 500-l thin-walled tubes in an MJ-PTC 100 thermocycler. Amplification conditions were 37 cycles of 94ЊC for 30 s, 50ЊC for 30 s, and 72ЊC for 60 s. Amplification products were electrophoresed on 1.8% agarose gels in 1 ϫ TAE buffer and then purified from the agarose using the QIAEX II kit (QIAGEN). Approximately 50-100 ng of purified amplification products was sequenced with 3 pmol of one of the amplification primers and the ABI Prism TAQ FS dye terminator sequencing kit (Perkin-Elmer). Sequence reactions were analyzed on an ABI 377 automated sequencer (Perkin-Elmer). When there were no ambiguities in the data, the amplification product was not sequenced with the second primer. Sequences that were determined from only one strand are indicated in table 2. Direct sequencing of the PCR-amplified fragment was not successful for several taxa due to the occurrence of length variation among copies of the rRNA locus. In three cases (V4 in Cyclestheria and V7 in Daphnia galeata and Simocephalus), it was possible to separate the length variants on a 3% Metaphor agarose (FMC) gel and excise one of them for sequencing. Both strands were sequenced in each of these cases.
Sequence Analysis
A putative secondary structure for the entire SSU rRNA molecule of Artemia, based on the model of Van de Peer et al. (1997) , was obtained from the SSU rRNA database on the World Wide Web (http://rrna.uia.ac.be/ rrna). Based on comparisons with this and other crustacean sequences in the database, Crease and Colbourne (1998) proposed a secondary structure for the SSU rRNA gene of D. pulex ( fig. 2) . The sequences for the other species analyzed in this study were first aligned to these two sequences using the DNASTAR software package in order to identify the core structural elements. Analysis of nucleotide composition of the sequences was also performed using DNASTAR. Subsequently, the program RNAdraw (Matzura and Wennborg 1996) was used to suggest a stable secondary structure for the expanded regions in V4 and V7. The default settings for all parameters except temperature were used to fold the sequences. The temperature was set to 20ЊC. Sequence simplicity analysis of the length-variable regions in V4 and V7 was carried out using the SIM-PLE34 program (Hancock and Armstrong 1994) . This program searches for clustering of tri-and tetranucleotide motifs within a sequence. A relative simplicity factor (RSF) is generated by comparing the amount of clustering in the test sequence with the amount observed in random sequences of the same length and nucleotide composition. The RSF is 1.00 for sequences showing the same level of motif clustering as random sequences, and it is greater than 1.00 for sequences showing a high degree of clustering of simple sequence motifs. Statistical significance was calculated by the program as described in Hancock and Armstrong (1994) .
To determine whether the predicted helix in the expanded region of V7 is significantly more stable than a random sequence, a Monte Carlo simulation of the distribution of free energies in 100 random sequences with the same nucleotide composition and length as the distal end of helix 43 was performed for four species: Acantholeberis curvirostris, Holopedium gibberum, Leptodora kindti, and Daphniopsis quadrangula. RNAdraw was used to predict a stable secondary structure and to calculate a corresponding free energy value for each of the 100 sequences.
Results
Size Variation and Secondary Structure of V4 and V7
All representatives of the orders Anostraca, Notostraca, Laevicaudata, and Spinicaudata, except the spinicaudatan Cyclestheria possess the typical eukaryotic configuration in both V4 and V7. Length variation is nearly absent in these taxa; the region of V4 between FIG. 2.-Secondary structure of the SSU rRNA of Daphnia pulex, redrawn from Crease and Colbourne (1998) . Helix numbering and locations of V4 and V7 are from Van de Peer et al. (1997) . Paired regions are shown as parallel lines, while curved lines denote unpaired regions. The helices unique to cladoceran branchiopods are indicated with thick lines.
helix 23 and helix E23-2 varies from 59 to 61 nt, while the distal end of helix 43 in V7 varies from 22 to 23 nt (table 2). The corresponding regions in all taxa representing the four orders that previously composed the Cladocera (Anomopoda, Ctenopoda, Haplopoda, and Onychopoda), as well as Cyclestheria, show substantial increases in length ranging from 141 to 297 nt in V4 and from 130 to 360 nt in V7. The most extreme increases in length have occurred among the daphniids (Ceriodaphnia, Daphnia, Daphniopsis, Scapholeberis, and Simocephalus) and the macrothricids (Acantholeberis, Ilyocryptus, and Ofryoxus) in the order Anomopoda. There is a highly significant positive correlation between length and GC content of the expanded sequences in the two regions ( fig. 3 and table 3 ).
Although lengths and primary sequences of the expanded regions in V4 and V7 vary substantially among the cladocerans and Cyclestheria, the secondary structures of both regions are quite conserved and correspond well to the secondary structure initially proposed for D. pulex by Crease and Colbourne (1998) . One representative from each of the cladoceran orders is shown in figure 4 .
The extra length of V4 is due to two helical structures that are not present in the other branchiopods: a ''side branch'' that occurs near the middle of helix E23-1, hereafter referred to as E23-1a, and an entirely new helix, hereafter referred to as E23-c, that occurs between E23-1 and E23-2 ( fig. 4A ). Most of the length variation in V4 is associated with E23-c, as E23-1a varies only NOTE.-The fitted regression line is of the form y ϭ a ϩ bx. NS ϭ not significant; * 0.01 Ͻ P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001. from 26 to 29 nt in the cladocerans ( fig. 5A ). Its length in Cyclestheria is 16 nt, and it originates at the site of a single nucleotide bulge in the noncladocerans. The distal end of E23-c is extremely variable, making it difficult to align the sequences unless they belong to species from the same genus. However, there is similarity at the proximal end of this helix, even among distantly related taxa, although Cyclestheria is divergent from the cladocerans in that there is a second very short helix next to E23-c ( fig. 4A) . A partial alignment of the lengthvariable region of V4, based on both primary sequence and secondary structure, is suggested in figure 5A . The occurrence of multiple compensatory mutations (indicated by asterisks in fig. 5A ) that maintain base pairing provides strong support for the existence of helices E23-1a and E23-c (Gerbi 1985 and references within) .
The extra length of V7 is due to the substantial elongation of helix 43 from the terminal loop, hereafter referred to as 43-1. In the cladocerans, helix 43-1 is preceded by a short side branch, hereafter referred to as 43-2, whereas a single mismatched nucleotide pair (U-C) occurs at this position in Cyclestheria (figs. 4B and 5B). The length and sequence of 43-2 and of the distal end of 43-1 are highly divergent among taxa, as is the case for E23-c. However, like E23-c, the proximal end of 43-1 is considerably more conserved, and an alignment is suggested in figure 5B . Again, the occurrence of compensatory mutations at a substantial number of paired nucleotides at the proximal end of this helix provides strong support for its existence.
The frequency distribution of free energy values for 100 random sequences corresponding in length and nucleotide composition to helices 43, 43-1, and 43-2 from four of the cladocerans shows that the probability of obtaining a structure from a random sequence that is more stable than the structure predicted from the actual sequence is very low (P Յ 0.01; fig. 6 ). These results suggest that the ability to form a stable helix is an important structural constraint on the expanded region.
Nucleotide Composition of V4 and V7
Nucleotide compositions were calculated separately for V4 between helices 23 and E23-2 (E23-1 ϩ E23-c in the cladocerans), for the distal end of helix 43 in V7 (including 43-1 and 43-2 in the cladocerans), and for the remaining core regions (table 2) . Although the core sequence obtained by amplification with the V4 and V7 primers is only about 610 nt, its nucleotide composition appears to be representative of the core regions as a whole, because the GC content of this sequence in taxa whose SSU rRNA genes have been completely sequenced is very similar to the value obtained for the complete sequence: Artemia (50.6% vs. 50.8%), Branchinecta (50.3% vs. 50.4%), and D. pulex (52.7% vs. 52.6%).
The mean GC content of the core regions in the noncladocerans (50.8%) is slightly lower (t ϭ 2.04, P ϭ 0.02) than those of the cladocerans and Cyclestheria (51.5%; table 2). Both values are typical for eukaryotic SSU rRNA, which tends to be slightly biased toward GC. However, the variable regions of the noncladocerans are even more biased, with mean GC contents of 63.9% for V4 and 62.2% for V7 (table 2). In the cladocerans and Cyclestheria, the GC contents of these two regions are highly variable, ranging from 53.0% to 71.1% for V4 and from 52.5% to 74.7% for V7 (table  2) . The tendency for variable regions to have a more biased nucleotide composition than the rest of the SSU rRNA has been observed in other organisms (Nunn et al. 1996; Vogler, Selsh, and Hancock 1997) , and, in general, it is expected that the bias will increase with increasing length of the variable region. However, in the case of the cladocerans, the correlation is highly significant and negative for both V4 and V7 (table 3) . Thus, the GC bias is most extreme for the shortest variable regions. A more detailed examination of nucleotide composition in these regions shows that the decrease in GC bias is largely due to a highly significant increase in the proportion of U at the expense of both G and C ( fig. 7 and table 3) . The proportion of A in these regions tends to be very low regardless of their length, although it does increase somewhat as the helices increase in length.
It has been observed that the nucleotide composition of rRNA helices differs between stems and unpaired regions, including bulges, mismatched pairs, and terminal loops (Vawter and Brown 1993; Nunn et al. 1996) . In helix 43-1, the mean GC content of stems is 70.7% (range 62.9%-85.5%) which is significantly higher (t ϭ 19.1, P Ͻ 0.00001) than the mean GC content of unpaired regions at 30.2% (range 14.7%-54.6%). The AU bias in the loops and bulges is primarily due to the high proportion of U, at 44.7% on average (table 4). The proportion of A in the stems is extremely low, with a mean of only 4.7%, but the proportions of C (25.4%) and U (24.6%) are very similar. This similarity is reflected in the ratio of G-C to G-U base pairs in the FIG. 4. -Representative secondary structures of (A) V4 and (B) V7 in branchiopod crustaceans. The diagrams were generated using the computer program CARD (Winnepenninckx et al. 1995) . The proposed secondary structures of helices unique to the Cladocera (E23-1a, E23-c, 43-1, and 43-2) were determined using RNAdraw (Matzura and Wennborg 1996) . The asterisk next to the V4 sequence of Limnadia indicates the unpaired nucleotide from which helix E23-c originates in the cladocerans. The asterisk over the V7 sequence of Cyclestheria indicates the U-C mismatch from which 43-2 originates in the cladocerans. stems, which ranges from 0.89 to 2.62, with a mean of 1.36 (table 4). As expected, this ratio is highly correlated with increasing helix length due to the overall increase in the proportion of U (table 3). The mean proportion of nucleotides that are involved in pairing is 85.9%, and there is no correlation (R 2 ϭ 0.04, P ϭ 0.28) between this value and the length of the helix.
Level of Repetition in V4 and V7
Although the RSF is greater than 1.00 for all the cladoceran variable regions except V4 of Cyclestheria, Bythotrephes, Holopedium amazonicum, and Polyphemus, none of these values are significant (table 2), indicating the absence of substantial clustering of tri-and tetranucleotide repeats. Regression analysis of RSF against length and GC content shows a significant positive correlation between the length of V4 and RSF but a significant negative correlation between the length of V7 and RSF ( fig. 7 and table 3 ). There is no significant correlation between GC content and RSF in either region. Even though the RSF values are not significant, inspection of the helices shown in figure 3 reveals the occurrence of short arrays of di-and trinucleotide motifs such as GC, GU, GGC, GGU, GCC and GUU, as well as short homopolymer runs, suggesting that slippage replication may have played some role in their elongation. Patterns of repetition are even more evident when the C's and U's are all converted to Y's (pyrimidines), as has been done for helix 43-1 of Holopedium gibberum in figure 8B . It is clear that there is some repetition of the motifs GYY and GGY in the distal region of this helix.
Patterns of Divergence in E23-c and 43-1 Among Closely Related Species
Comparison of sequences from closely related taxa should provide insight into the types of sequence changes that occur during the early phases of divergence in expansion helices (Vogler, Selsh, and Hancock 1997) . Several such opportunities are available with the present data including two or three species of Holopedium, Eurycercus, Daphnioposis, and each of the Daphnia subgenera, Daphnia, Hyalodaphnia, and Ctenodaphnia. Such comparisons ( fig. 8) show that point mutations occur throughout E23-c and 43-1. The occurrence of compensatory mutations, even at the divergent distal ends of these helices, is also evident among closely related species.
Length increases in E23-c and 43-1 tend to occur in the distal regions of the helices. Some of the length increases seem to have occurred at terminal loops, but a substantial number have not. In such cases, an increase in one strand of a helix has been compensated by a change at the corresponding location on the opposing strand. The result is the insertion of a stem ''module'' that leaves the helix downstream from the insertion site unchanged (E23-c in Daphniopsis and Hyalodaphnia and 43-1 in Daphniopsis, Ctenodaphnia, and Eurycercus). A very different module occurs at approximately the same location in several species pairs (E23-c in Ctenodaphnia and 43-1 in Eurycercus, Daphniopsis, and Ctenodaphnia), suggesting that length expansion is more likely to occur at some positions along a helix than at others.
The modules in 43-1 of the two Holopedium species appear to consist of the trinucleotide motifs GYY and GGY, with a preference for C over U. In contrast, the modules in Daphnia and Daphniopsis seem to consist of homopolymer runs of U's on one strand compensated by a run of purines (usually G's) on the other strand. Even so, the compensation is not perfect, leaving an excess of U's in the module as a whole. In addition, the proximal ends of the modules are often associated with unpaired U's or U-U and U-C mismatches ( fig. 8 ). This is especially evident in comparisons involving helices that are very similar to one another, such as E23-c and 43-1 in Daphniopsis and the subgenus Daphnia. To determine if this pattern could account for the significant trend toward an increase in the proportion of U's with an increase in length (table 3), nucleotide compositions were determined separately for the distal and the proximal ends of E23-c and 43-1 in Daphnia and Daphniopsis. The ''boundary'' was placed at the point at which it is no longer possible to align the sequences from all 10 species with confidence ( fig. 8) . The results (table 5) show that the distal ends of both helices have FIG. 5 .-Partial alignment of (A) V4 and (B) V7 in branchiopod crustaceans. Taxa in the same order are grouped. The three Spinicaudata species names are underlined, and the sequence of Cyclestheria is shown in bold. The alignment was performed by eye based on primary sequence and secondary structure as suggested by RNAdraw. Nucleotides forming one or the other strand of a helix are enclosed in square brackets. Bulges or mismatched nucleotides within the helix are underlined. Nucleotide positions at which compensatory mutations that maintain base pairing have occurred in at least one taxon are indicated by asterisks along the bases of the alignments. The first and last nucleotide positions in each sequence block are numbered according to the SSU rRNA gene sequence of D. pulex. A complete alignment of the sequences is available from tcrease@uoguelph.ca on request. The sequences have been deposited in GenBank under accession numbers AF070093-AF070124 and AF070486-AF070519. significantly higher mean proportions of U's than do their proximal ends (E23-c: 35.7% vs. 28.6%, t ϭ Ϫ4.30, P ϭ 0.001; 43-1: 33.6% vs. 22.9%, t ϭ Ϫ11.45, P Ͻ 0.0001). Unexpectedly, the correlation between the proportions of U's and the lengths of the distal ends of both helices is slightly negative but not significant (data not shown), suggesting that an increase in the lengths of these helices beyond a certain point via the addition of more stem modules does not significantly alter their nucleotide compositions.
Intraindividual length variation occurred in the variable regions of several taxa including E23-c of Cyclestheria, D. ambigua, and Ilyocryptus and 43-1 of D. galeata, D. obtusa, and Simocephalus. It was possible to obtain the complete sequence of one variant for some of these taxa (see Materials and Methods), but the approach used was not successful for E23-c in D. ambigua and Ilyocryptus or for 43-1 in D. obtusa. Because D. pulex and D. obtusa are very similar to one another, it is possible to determine exactly where the length variation occurs in 43-1 of the latter species ( fig. 8D ). The sequence becomes unreadable at the same location on both strands of the helix, suggesting that an expansion module is present in some copies of the SSU rRNA gene but not in others. The termination of a linear sequence leaves a characteristic peak pattern on the electropherogram generated by the automated sequencer. Because of this, it can be seen that there are at least three length variants present in the PCR-amplified fragment of V7 from D. obtusa. The mean GC contents of the proximal end of E23-c (61.1%, range 54.8%-67.3%) and 43-1 (64.9%, range 61.1%-74.0%) in Daphnia and Daphniopsis (table 5) are very similar to the mean GC contents of the corresponding regions in the noncladocerans (63.9% for V4 and 62.2% for V7; table 2). To determine if this is the case in general, the GC content of the proximal end of helix 43-1 ( fig. 5B ) was determined for all of the cladoceran taxa and found to be 67.1%, on average (range 60.4%-80.0%), which is even higher than the value observed for the noncladocerans. The mean value for this region in Daphnia and Daphniopsis, based on 51 nt, is 66.1%, which is similar to the value obtained above (64.9%) based on 71-75 nt (table 5) . Because extreme increases in the lengths of E23-c and 43-1 have only occurred in Daphnia and Daphniopsis, and the mechanisms by which this has occurred may not be common to the other cladocerans, the regression analysis of the lengths of V4 and V7 against the proportion of U's was redone excluding the 10 Daphnia and Daphniopsis species. The resulting correlation was positive (y ϭ 0.10 ϩ 0.001x) but not significant for V4 (R 2 ϭ 0.11, P ϭ 0.24), and positive (y ϭ 0.12 ϩ 0.0007x) but highly significant for V7 (R 2 ϭ 0.47, P ϭ 0.002) suggesting that the elongation of this region via the preferential addition of U's is a general phenomenon in the Cladocera.
Discussion
Phylogenetic Implications
Based on the substantial morphological and developmental diversity among the taxa that comprise the order Cladocera, Fryer (1987) argued that it is not a monophyletic group and divided it into four separate orders ( fig. 1) . However, all of the taxa analyzed in this study that belong to one of these orders possess the same unique helices in V4 and V7 of the SSU rRNA gene. The fact that they occur at precisely the same location in all cladocerans but do not exist in the other branchiopods (except Cyclestheria), along with the fact that the sequence forming the proximal end of each helix is relatively conserved, strongly suggests that they evolved only once in an ancestor that is common to all cladocerans. In addition, phylogenetic analysis of the class Branchiopoda based on the conserved core elements in the V4 and V7 sequences obtained for this study, as well as core elements flanking D2 in the LSU rRNA gene (unpublished data), strongly supports a hypothesis of monophyly. Even so, the analysis also recognized subgroupings within the Cladocera that correspond to the four orders proposed by Fryer (1987) .
Cyclestheria is the only noncladoceran to possess the unique helices in V4 and V7. It also reproduces by cyclical parthenogenesis (Roessler 1995; Oleson, Martin, and Roessler 1996) , a very rare mode of reproduction among animals that is found in no other group of crustaceans except the Cladocera. It has long been hypothesized that cladocerans evolved from cyclestheriids, which possess several morphological features that show greater similarity to cladocerans than to other spinicaudatans (Oleson, Martin, and Roessler 1996 and references within) . The phylogenetic analysis (unpublished data), in which Cyclestheria occupied a basal position to the Cladocera, provides additional evidence that the cyclestheriids are the transitional group between spinicaudatans and cladocerans ( fig. 2 ) and is consistent with the hypothesis that the unique secondary structures in V4 and V7 evolved only once in a cylcestheriid lineage that subsequently gave rise to the cladocerans. Traditionally, rRNA expansion sequences have been used for phylogenetic analysis of closely related taxa and ignored or culled for the construction of phylogenies above the genus level. The present study shows that derived helices in variable regions may provide valuable complex characters for the determination of deep phylogenies (e.g., among orders). The value of complex characters depends on the likelihood that they originate independently. It appears that both the birth and death of helices are rare events in crustacean SSU rRNA, making homoplasy unlikely. The same pattern is true of the kingdom-specific LSU rRNA structures identified by Michot and Bachellerie (1987) and Michot, Qu, and Bachellerie (1990) . However, it is known that expansion segment helices can be entirely deleted in rapidly evolving regions of the LSU rRNA (Michot, Qu, and Bachellerie 1990; Nunn et al. 1996) . Thus, more comparisons are necessary to determine the general utility of these helices as indicators of deeper-level phylogenetic relationships.
Origin and Elongation of Variable Region Helices in the Cladocera
The nucleotide compositions of the cladoceran variable region helices E23-c and 43-1 differ substantially at the proximal and distal ends (table 5). The proximal ends tend to be biased toward GC, while the distal ends show a marked increase in the proportion of U. Hancock (1995) suggested that sequences with a bias in nucleotide composition are more likely to contain simple sequence motifs that could act as substrates for replication slippage. As slippage occurs and the simple sequences proliferate, the original bias will tend to increase. This is precisely that pattern that has been observed in the variable regions of both SSU and LSU rRNAs across a phylogenetically diverse sample of organisms (Michot and Bachellerie 1987; . The similarity between the nucleotide content of the distal end of 43 in the noncladocerans and the proximal end of 43-1 in the cladocerans is consistent with the idea that the original formation of 43-1 occurred via a mechanism that maintained, and even intensified, the original bias toward GC. The proximal ends of both E23-c and 43-1 are composed primarily of short runs of G's paired with short runs of C's ( fig. 5) , suggesting that slippage of single nucleotides may have been an important factor in the origin of these helices. That slippage of such short motifs has been an important force in genome evolution was suggested by Levinson and Gutman (1987) , who showed that single-base repeats form longer runs in mammalian introns than would be expected by chance. The subsequent elongation of E23-c and 43-1 seems to have proceeded through the continued operation of slippage. However, as these helices become longer, the bias in nucleotide composition changes in favor of U (discussed below).
The elongation of E23-c and 43-1 via the insertion of stem modules that leave the downstream portions of the helix intact ( fig. 8) is consistent with the occurrence of compensatory slippage as proposed by Hancock and Dover (1990) . The tendency for these modules to be associated with unpaired or mismatched nucleotides suggests that the original stimulus for their production is the elongation of bulges on one strand of a helix. Indeed, Gonzalez et al. (1985) showed that variants of D6 in the LSU rRNA of a single human differed by the presence/absence of asymmetrical bulges, apparently caused by slippage of GGC and GU motifs in the stems. Initially, the enlargement of a preexisting bulge may have little impact on the stability of a helix. However, increasing asymmetry of the bulge may destabilize the helix to the point where natural selection would act against individuals with a large proportion of rRNA genes that carry it. On the other hand, selection would also favor genes in which elongation of motifs that could pair with at least part of the bulge had occurred in the appropriate location. The creation of such a double mutant could occur if compensatory slippage occurred in a gene copy carrying the original slippage product, which seems unlikely. However, argued that the probability of this would increase as the proportion of the original mutant increased in the rRNA gene family. Alternatively, such compensatory slippage could have occurred in another copy of the rRNA gene, with subsequent generation of the double mutant via unequal crossing over (Hancock and Dover 1990) . Either way, the result would be the production of a new section of helix embedded within the original. Nunn et al. (1996) suggested a similar mechanism to explain the fact that nucleotides with high sequence simplicity scores often occurred near bulges in the exceptionally long D3 region of LSU rRNA in isopod crustaceans.
In some cases, differences between E23-c and 43-1 in species from the same genus appear to be due to the addition of stem modules at the very tip of the helix. Such additions were also observed by Hassouna, Michot, and Bachellerie (1984) for the LSU rRNA D domains of vertebrates, and by Nunn et al. (1996) for D3 of isopods. Extension of the tip of a helix could involve slippage-mediated enlargement of one side of the terminal loop that is compensated by slippage of a complementary motif on the other side.
The association of stem modules with bulges and terminal loops may help explain the increasing bias toward U with an increase in helix length in the cladocerans ( fig. 7) . The unpaired portions of 43-1 are biased toward A and U, while the stems are biased toward G and C (table 4) . If slippage of single-nucleotide motifs in a bulge or a loop is the first step toward helix elongation, then it will most likely involve U or A. Because the entire structure is generally biased toward G and C, compensatory slippage would most likely involve one of these nucleotides, especially if it occurs in part of the stem. A run of G's that is created by slippage could form a stable helix with a run of U's to form a new section of stem. On the other hand, a run of C's would not form a stable helix with a run of A's (Santalucia, Kierzek, and Turner 1991; Wu, McDowell, and Turner 1995) resulting in selection against A-rich bulges that become large enough to destabilize the helix. A run of A's could also compensate a run of U's, and, indeed, there are some short stretches of A-U pairs in the helices of the Daphnia species (fig. 8) . However, the overall proportion of A remains very low in the variable-region helices (table 2), suggesting that compensatory slippage involving A is not common or that there is strong selection against the accumulation of A-U pairs in the stems even though they should form more stable helices than G-U pairs ). This pattern of helix elongation would tend to perpetuate the U bias, as it is not likely that compensatory slippage would produce a run of G's (or A's) that is exactly the same length as the run of U's with which it pairs. Thus, the ''leftover'' U's in the bulge would maintain or create new sites for future elongation.
The tendency for the expansion of E23-c and 43-1 in the cladocerans to occur via the proliferation of G-U pairs is unusual. For example, the overall frequency of G-U pairs in the AU-biased stems of D1 and D2 in the LSU rRNA of 82 Drosophila species is only 6.5% (Rousset, Pelankadis, and Solignac 1991) . However, the cladoceran pattern of GC bias in stems versus AU bias in loops and bulges has been observed in the variable regions of both SSU and LSU rRNAs of vertebrates Vawter and Brown 1993) and in LSU rRNAs of insects and crustaceans (Hancock and Dover 1998; Nunn et al. 1996) . For example, the mean GC content of the D3 stems in the 12 isopod species surveyed by Nunn et al. (1996) is 66.5%, while the unpaired regions are only 39.3% GC on average. However, a GC bias in stems generally intensifies as the variable regions expand, resulting in a predominance of G-C pairs. This is precisely the pattern observed for isopods (Nunn et al. 1996) in which the mean G-C/G-U ratio in D3 stems is 4.39 (range 2.00-6.63). This value is substantially higher than the mean G-C/G-U ratio of 1.36 observed for the cladocerans (table 4) . A predominance of G-C pairs in the growing stems of variableregion helices is presumably favored (Vawter and Brown 1993) because G-C pairs have a lower free energy than either A-U or G-U pairs ), resulting in increased helix stability. If so, it is interesting that the proportion of nucleotides involved in base pairing averages 85.9% in helix 43-1 of the cladocerans, which contains many G-U pairs (table 4), but only 64.7% (range 58.8-69.5%) in D3 of the isopods, which is rich in G-C pairs.
Like the stem modules of E23-c and 43-1, the two unique cladoceran side branches originate at unpaired nucleotides. E23-1a originates at an unpaired A in E23-1 of the noncladocerans (figs. 4A and 5A), and 43-2 originates from the U-C mismatch at which 43-1 originates in Cyclestheria (figs. 4B and 5B). This suggests that compensatory slippage may also occur within a growing bulge, leading to the formation of a new helix. However, the formation of new helices seems to be somewhat more constrained in the Cladocera than is the elongation of preexisting ones. For example, the formation of 43-2 seems to have been tolerated at the base of 43-1 (note that 43-2 is quite long in Ofryoxus and Ilyocryptus compared with the other cladocerans; fig.  5B ), but energetic criteria suggest that there are no side branches along the length of either E32-c or 43-1. In addition, the length and primary sequence of E23-1a has remained fairly stable across the Cladocera, suggesting that it is under some sort of constraint. Similarly, the formation of side branches may be somewhat constrained in D3 of isopods. Secondary-structure analysis suggests that they occur in several species in subdomain III, but rarely occur in subdomain IV, despite the fact that both domains show extraordinary length increases (Nunn et al. 1996) . In contrast, the proposed secondary structure for the extremely long helix 43 of the aphid A. pisum (rRNA database) includes three side branches. More data on structural variation in the variable regions of long rRNAs is required to determine if the pattern of length increase without concomitant increase in structural complexity is common. If so, this pattern suggests that the constraints affecting changes in the length of an established expansion helix are relatively relaxed compared with the constraints affecting its initial formation. Nunn et al. (1996) noted a positive correlation between expansion of D3 in the LSU rRNA of isopods and the increased temperature tolerance that accompanied radiations into terrestrial habitats. No such correlation is apparent among the cladocerans, which generally live in lakes and/or ponds (there are a small number of marine taxa) and whose geographic distribution ranges from the Arctic down into the tropics. Indeed, the two taxa with the longest variable regions (table 2) experience opposite extremes of temperature: D. quadrangula inhabits very warm, ephemeral, saline bodies of water in the arid regions of Australia, while D. longiremis is restricted to cold-water habitats such as arctic lakes or the hypolimnion of deep temperate lakes.
Implications for General Genome Evolution
Hancock (1995) argued that elongation of variable regions in the rRNA genes is the byproduct of a ge- nome-wide tendency for sequences to expand via mechanisms such as slippage replication and that this accounts for the observation that different expansion segments in the LSU rRNA gene tend to coevolve with respect to sequence and nucleotide composition (Michot and Bachellerie 1987; . The highly significant correlation between length and nucleotide composition for E23-c and 43-1 in the cladocerans ( fig. 3 ) is consistent with this idea. However, it could also be argued that there is some sort of functional relationship between V4 and V7 that requires a correlated increase in the size of the variable-region helices. If the coexpansion of these helices is a byproduct of elongation mechanisms, then one might expect a correlation between the lengths of expanded regions in the SSU rRNA and the LSU rRNA genes, which both occur within the same transcription unit. Taylor (unpublished data) sequenced the D2 region of the LSU rRNA gene for many of the taxa used in this study. The correlation between the length of D2 and V7 in the cladocerans is highly significant (fig. 9A) . Moreover, the same tendency toward a decrease in GC content with increasing helix length, due to an increase in the proportion of U, also occurs ( fig. 9B ), suggesting that the mechanism responsible for elongation is similar in both regions. Even so, it is still not clear that the tendency toward elongation of variable regions in the rRNA genes reflects a genome-wide phenomenon. For example, Daphnia possess unusually long rRNA genes but have the smallest genomes yet reported for crustaceans (reviewed in Léch-er, Defaye, and Noel 1995) . Beaton (1995) found that the haploid genomes of 35 species of Daphnia range in size from 0.21 to 0.58 pg. Similarly, the genome size of the laevicaudatan Lynceus brachyurum is 0.30 pg (Beaton 1988) . In contrast, the genome sizes of the anostracans Artemiopsis stephanssoni and Branchinecta paludosa are 0.87 and 2.77 pg, respectively (Beaton 1988). Genome sizes for nonbranchiopod crustaceans range from 0.7 pg in cirripedes to over 20 pg in some decapods (Lécher, Defaye, and Noel 1995), yet SSU rRNA genes longer than 1,900 nt have not been reported in any other crustacean group (Crease and Colbourne 1998) . These preliminary results suggest that genome size may not be strongly correlated with the size of variable regions in rRNA, and that the unusual expansion of the SSU rRNA gene in the cladocerans may oppose the more general tendency for their genomes to be compact.
It is interesting to note that even though the mean length of D2 in the noncladocerans (330 nt, range 292-364 nt) is significantly shorter (t ϭ Ϫ1.84, P ϭ 0.04) than the mean length of D2 in the cladocerans (350 nt, range 310-412 nt), the ranges overlap substantially. This is definitely not the case for E23-c and 43-1, which do not even exist in the noncladocerans. Thus, an important question that still remains to be answered is why new helices evolve in the SSU rRNAs of some lineages but not in those of others, even though the mechanisms that could create them are operating in the D domains of the LSU rRNA genes within the same transcription unit.
